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PREFACE 


The  work  on  ionization  processes  in  High  Speed  Thyratrons  is 
part  of  a study  carried  on  by  the  Electrical  Engineering  Department  of  the 
Carnegie  Institute  of  Technology  on  analytical  studies  of  elenents  of  milli 
microsecond  pulse  systems.  Previous  work  on  hydrogen-thyratron  pulse 
generators  has  brought  to  light  basic  differences  in  ionization  phenomena 
between  hydrogen  thyrations  and  other  types  of  thyration.  This  report 
is  concerned  with  an  experimental  and  analytic  study  of  these  differences. 
Its  text  comprises  the  doctorate  thesis  of  William  G.  Dean. 


1,  "The  Initial  Conduction  Interval  in  High-Speed  Thyratrons",  J.  3.  Woodford, 
and  E.  M.  Williams,  Journal  of  Applied  Physics,  Vol.  23,  Wo.  7,  pp.  722-724, 
July,  1952. 
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INTRODUCTION 
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Thyratron*  are  throe  or  uometinee  four  clement  gas  filled  tubes  de- 
signed to  switch  large  amounts  of  power  quickly.  They  find  widd  use  as  switches 
in  pulse  forming  circuit*  for  radar,  industrial  control  equipment*  and  other 
systems*  For  most  applications  the  ionisation  time  of  these  tubes  is  shorter 
than  necessary  and  can  bs  considered  instantaneous.  Methods  of  slowing  down 
tbs  pules  rlss  tins  have  been  employed  to  reduce  the  peak  power  the  thyratrons 
must  handle  in  on  effort  to  prolong  their  life.  3ono  now  applications,  how- 
ever, require  high  power  pulses  with  very  short  rise  timss.  The  Unite  of  radar 
resolution  ere  dependent  upon  the  sharpness  of  tho  transmitted  pulse.  Short, 
high  power  pulses  ore  used  for  example  in  beam  deflection  systems  for  cyclotrons. 

In  all  thyratrons  the  grid  sc  completely  shields  tho  plate  from  the 


cathode  that  even  with  a large  positive  plate  potential  applied  conduction  docs 
not  take  place  until  it  is  initiated  by  the  grid.  When  the  potential  on  the 
grid  of  the  thyratron  is  raised  sufficiently,  a small  electron  current  flows  to 
the  grid  and  the  positive  anode.  This  space  charge  limited  current  causes  ioni- 
sation of  neutral  gas  molecules  l>y  electron  collision,  each  ionising  collision 
forming  a new  free  electron  and  a positive  ion*  As  mors  and  mors  positive  ions 
ars  produced,  they  tend  to  neutralize  the  space  charge  caused  by  electrons  per- 
mitting more  electrons  and  hones  mors  current  to  flow.  In  steady  state  con- 
duction & plasma  is  established.  The  mechanism  of  e plasma  is  similar  to  the 
condition  of  the  electron  gas  in  a metal  where  ft  low  field  Intensity  gives  rise 
to  a large  electron  current  flowing  through  the  posltlvo  metallic  icn%  One 
main  difference  is  that  the  positive  ions  in  the  metal  ore  fixed  in  position  by 
the  lattice  structure  while  the  positive  ions  in  a gas  drift  in  the  direction 
of  the  electric  field.  In  full  conduction  the  voltage  drop  across  the  thyra- 
tron is  low  so  that  with  tho  plaoaa  established  the  grid  and  plats  currents  in 
most  applications  ars  primarily  determined  by  the  external  circuitry. 

A thyratron  may  be  used  in  many  different  circuits,  but  moot  of  these 
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can  be  reduced  to  the  equivalent  ciroult  shown  In  figure  1. 
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Figure  I . 

The  ionisation  interval  for  a thyratron  in  such  a ciroult  cun  be  readily  di- 
vided into  two  parte.  The  first  part,  defined  in  this  thieia  at  the  delay 
tine,  la  the  tine  interval  between  the  application  of  tho  trigger  pule a to  the 
grid  end  the  instant  Wien  the  plate  voltage  et&rto  to  fall  rapidly.  lairing 
the  delay  interval  the  plate  voltage  of  the  tube  does  not  change  appreciably. 
The  second  part,  defined  in  this  pert  ae  the  co-mutation  time,  io  the  tiue  in- 
terval during  which  the  plate  voltage  etarte  to  fall  rapidly  until  Steady  state 
full  conduction  le  reached.  The  total  Ionization  tine  is  the  eum  of  the  delay 
tine  and  the  confutation  time  and  le  the  time  required  to  fora  the  plasma. 

For  thyratrons  used  In  pulse  f irning  circuits,  the  commutation  time 
of  the  thyratron  definee  the  shortest  pulse  rise  time  available.  Tho  study  of 
the  dependence  of  the  commutation  time  on  gas  pressure  and  tube  geocstry  le 
the  primary  purpose  of  this  thesis,  but,  in  addition,  a otudy  of  the  doloy 
tiue  must  also  be  made  in  order  to  understand  the  commutation  Interval. 

REVIEW  OF  CTHKIi  WORK  IS  THE  FI  FID 


Considerable  attention  has  been  riven  in  recent  years  to  a study  of 

6 7 8 

the  deionisation  time  in  thyratrons,  1 * since  this  limits  ths  ruxlnum  repeti- 
tion rate  of  the  tube.  Less  attention,  however,  has  bsen  given  to  tho  ionisa- 
tion time  since  conduction  le  fast  enough  for  most  applications. 

3 

A*  early  as  1933  "noddy  investigated  ths  d sixty  time  of  mercury  thy- 
ratrons. The  wave  shape  of  the  anode  voltage  fall  was  attributed  to  the  effect 
of  the  external  circuitry  And  interolcctrode  c.apacitios  of  the  tube. 
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In  1933  Mo  <.t  croft  ^ did  ooir.o  analytical  work  on  current*  during 
the  delay  tlir.o  based  on  Dustman*  • equation?*  namely 
idler*  T is  the  emission  temperature  of  the  cathode  in  decrees 
Kelvin 


k is  the  Doltzrunn  constant 

K is  the  electron  energy  required  to  pass  the  work 
function  barrier  of  the  cathode  surface 
A is  on  empirical  constant 

kheatcroft^,  working  with  a type  rET  1"  thyratron  whose  grid  ie  a circular 
disk  with  a concentric  hole  1/AO  th.  the  grid  area,  makes  the  plane  electrode 
assumption  and  states  that  the  eloctrons  having  sufficient  energy  to  get 
past  the  potential  well  caused  by  space  charge  in  the  grid  cathode  region  after 
ths  grid  is  triggered  givo  rise  to  a cathode  current  of 

1,.=  V KT 

provided  ths  hols  is  so  large  that  all  electrons  with  sufficient  energy  got 

Into  the  plate  region.  If  not,  the  relationship  becomes 

-vmq 

i,  = i V KT 

where  ^ is  t geometrical  constant  based  on  the  grid  hole  sis*. 

^ is  the  electronic  charge 

V^is  the  potential  of  the  well  below  that  of  the  cathode 
Ic  is  the  cathode  currant 
J^ie  ths  total  emission  of  the  cathode 
Ionisations  which  occur  in  the  grid-anode  region  change  the  effect  of  the 


anode  potential  in  the  cathode  regies  and  therefore  increase  th*  anods  cur- 
rent. At  breakdown  Whoatcroft  states  that  <Dl  — » oo 

dl 

A similar  approach  yielding  the  anode  curront  rise  during  both  the 
delay  and  ths  commutation  intervals  is  given  by  Mullin^.  His  explanation  of 
delay  time  is  based  on  the  rate  of  ionisation  in  the  grid-anode  region  end 


k 

the  rate  at  which  the  positive  Iona  nova  back  Into  the  potential  well  n«w< 


trail ting  It*  hhrn  the  potential  of  the  well  ha*  been  reduced  to  eero,  Kullln 
cor.cludee  that  the  eith-de  ia  splitting  its  racximum  current,  and  tha  initiation 

of  tha  discharge  ia  ccnplata. 

5 

In  1940  Harrison  exp  aria  ent  ally  investigated  tha  delay  tiaa  of  &'gon, 
noon,  and  mercury  thyratrona.  Tho  delay  tlma  kis  found  to  be  invoreely  prepor 
tional  to  the  grid  overvoltage.  Increasing  the  anode  voltage  alto  shortened 
the  ddlay  tine.  No  theories  explaining  these  findings  were  proposed. 

li,  1950  Woodford^  tearured  the  variation  of  breakdown  tine  on  5C22 
hydrogen  thyratrona  with  anoda  voltage,  grid  overvoltage  load  impedance,  and 
laad  inductanea.  The  5C22  thyratrona  and  elmll-ir  typea  differ  considerably  in 
geometry  from  tha  nercury  and  other  typea  vdth  regard  to  the  shielding  of  the 
plate  by  the  grid. 

To  date  the  analytical  work  on  thyratrone  has  been  confined  to  tubes 
with  the  gecaetry  characteristic  of  the  mercury  thyrntron.  Furthermore,  no 
experimental  data  or  analytical  treatment  of  the  variation  with  pressure  of 
either  tha  delay  tins  or  the  eonoutation  tine  has  been  given  in  the  literature. 
In  the  first  section  of  this  thesis  the  very  much  shorter  pulse  rise  tinea 
available  from  the  5C22  hydrogen  thy rat ran  as  compared  to  those  of  the  mercury 
thyrstron  are  shown  to  result  largely  from  its  special  geometric  construction. 
Tha  saeond  a action  of  this  thesis  describes  a new  approximate  analysis  of  the 
effect  of  pressure  on  the  commutation  tlma  of  hydrogen  thyratrona  and  ooapares 
the  analytical  results  with  experimentally  determined  values.  As  operational 
criterion  for  obtaining  tha  minimum  commutation  time  wnsn  using  hydrogen  thy- 
ratrona similar  to  tha  %22  is  also  given. 
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GliOMhTHICAL  DlKFljit.NCFJ  IN  TliIi<ATU0N3 

Hydrogen  thyratrons,  such  as  the  3CA5,  U C35,  and  5C22  thyratrons, 
developed  during  tha  last  war  differ  significantly  in  alactroda  goomntry 
fron  industrial  mercury  vapor  thyratrons.  In  tha  mercury  thyratron  a dlrset 
llne-of-sighi  path  for  alaetron  currant  flow  exists  between  tha  eathoda  and 
tha  plate  through  a concentric  hole  in  a disk-shaped  grid.  Tha  plate  currant 
la  cutoff  only  by  tha  potential  barriar  arising  when  one  or  core  of  tha  gride 
are  held  at  a negative  potential.  On  tha  other  hand,  the  grid  and  grid  baffles 
in  the  hydrogen  thyratron  so  completely  enclose  the  plate  fron  the  cathode  tbit 
the  grid  acte  ae  a physical  as  wall  as  a potential  barrier  for  eleotron  plate 
current.  This  shielding  in  the  hydrogen  thyratrons,  in  addition  to  permitting 
higher  anode  working  voltages,  causee  operational  dif ferences  in  the  ionisa- 
tion processes.  For  the  purposes  of  this  comparison  tha  hydrogen  thyratron 
construction  Just  described  wLll  be  known  as  tha  highly  shielded  type,  and  the 
mercury  thyratron  type  of  construction  as  the  llne-of-sight  type.  Of  course, 
the  highly  shielded  type  of  construction  is  not  necessarily  limited  to  hydro- 
gen-filled tubes  nor  are  the  line-of-eight  tubes  only  mercury-filled,  For  a 
comparison  of  the  two  types  of  construction  see  figure  2.  This  section  des- 
cribee the  effect  of  these  two  geometries  on  tbs  delay  and  commutation  times. 

In  the  line-of-sight  tubes  some  of  the  initial  electrons  pulled 
toward  the  grid  by  the  grid  overvoltage  past  through  the  grid  hole  into  the 
grid  anode  region  and  on  the  the  anode.  Thus  plate  current  flows  ae  soon  as 
space  charge  limited  current  is  set  up  in  the  tube.  Ionisations  can  then  take 
place  in  the  grid-anode  regies  with  the  plate  current  increasing  as  the  space 
charge  is  neutralized  and  the  plasma  is  formed.  This  mechanism  in  the  line- 
of-sight  tubes  has  boen  handled  analytically  by  nheatcroft^  and  by  Kullln^. 
Wheat  croft  described  the  cathode  current  Ic  ae  a function  of  the  grid  over- 
voltage \4  times  the  trlode  amplification  factor  p plus  the  anode  voltage  \| 
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Figure  2: 


The  heery  arrows  indicate  the  path  of  electron  plate  current 


6 


that  la,  the  grid  voltagu  volt  for  roil  has  y times  i«  wuoh  effect  as  tha 
enode  voltage  In  determining  the  cathode  currant  during  tha  delay  interval. 
This  effect  ia  tha  same  as  the  affect  of  tha  grid  voltage  in  a nora&l  trloda 
si  oil  tiros . 

lc  = ■*  Va) 

Wieatcroft^  and  Harrison^  found  tha  dal.ay  tine  in  line-Of-eight 
ihyrairons  to  daoraasa  with  increasing  anode  voltage.  Mullin  found  tha  delay 
tine  relatively  independent  of  tha  anoda  voltage  showing  that  axperimacital 
diffaranoaa  between  investigators  existed. 

In  the  hi ghly-shi elded  hydrogen  thyratrens,  on  tha  other  hand, 
initial  alaotrons  cannot  find  their  way  Into  tha  grid-anode  region.  Instead, 

* two-step  process  is  required  to  initiate  the  discharge.  In  the  first  step, 

& plasms  is  forced  in  the  grid-cathode  space  under  the  action  of  the  positive 
grid.  In  the  second,  an  appreciable  number  of  eleotrone  frea  the  grid-cathode 
pl-c-ni  find  their  way  around  the  grid  baffles  to  initiate  a plasma  in  the  g»id 
anode  region,  completing  tha  formation  of  the  discharge.  During  the  first  w* 
these  two  steps,  essentially  the  delay  period,  the  e&thodd  current  la  inde- 
pendent  of  anode  voltage,  and  tha  cathode  currant  is  flowing  almost  entirely 
in  tha  grid  circuit. 

ic  = (<.->.  ^ 

The  distinction  between  ths  two  types  of  thyratrons  is  demonstrated 
by  the  priwtog*spho  of  grid  voli^es  and  plate  voltage  w&veforos  for  both  a 
highly  shielded  hydrogen  tube  and  a line-of-sight  mercury  tube. 

The  grid  voltage  waveform  shown  was  measured  between  the  grid  and 
cathode  terminals  of  tha  thyrutron.  The  pulse  generator  supplying  this  grid 
voltage  maintains  a high  grid  over-voltage  until  the  grid  cathode  region 
ionises.  Then,  because  of  the  voltage  drop  eausod  by  tia  flow  of  grid  current 
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in  the  Internal  inpedanee  of  the  p*&ee  g*n«r*tor,  the  /rrid  voltage  ls>  rMmeS 
%i*  a value  nnr  the  ionisation  potential  of  tho  &&s.  This  is  shove  is  Fi|m 
3,  uhsre  tho  first  drop  la  grid  voltage  ooours  st.oa  tho  grid  ionises  sad  the 
second  at  ta*  termination  of  tho  triggering  pulse. 


f; 


3. 


The  wavefonx  sheen  is  tdth  eero  plats  voltage.  Tho  photographs  of  figure  X 
sc  the  fast  peg#  show  that  eiih  aero  plate  voltage  the  grid  voltage  waveforms 
of  tho  M gni;r-eai elded  hydrogen  tubes  sad  tbs  liae*ef-sl«pi  saersery  tubes 
are  very  similar.  Howrrsr,  the  plate  voltage  drop  can  occur  In  usroury  tube# 
before  the  grid-eathode  region  completely,  shoreae  in  the  hydrogen 

tube*  tho  grid -oath  ode  region  wet  be  ionised  first.  This  offset  is  sh zsat  by 
the  fast  that  if  the  trigger  pulse  is  shortened  to  lest  than  the  tine  required 
for  the  grid-sithodo  region  to  ionise,  the  lice^of-sight  tube  sen  still  be 
cede  to  fire  with  sufficient  anode  voltage,  but  the  highly  shielded  hydrogen 
tube  cannot. 


The  ef foot  upon 
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ssetry  differ***##  in  the 
Laiasd  ns  fellows*  T*  the  lla*~ 


of-elgbt  tubas  positive  ions  nest  neutralise  the  spaas  charge  in  the  eathede- 

grid  region  before  a large  plate  current  oan  flaw.  The  tine  rsqpired  fox  this 

» 

neutralisation  is  calculated  by  HulUn*.  The  neutralisation  of  this  space 


eherg*  is  a gradual  process,  and  aa  it  pro  greases,  tbs  plate  current  increases 
gradually.  During  the  daisy  tine  the  doednent  field  drawing  electrons  into 


fi»7T£%JO£  QBri%  Oerrsot,  <!s?id  t ,’lnts  7slt  as*  w*v*r<ww*. 

m>lV3  Mercery  Lins -of -sight  Thyr***-©*  5Ct£  Hydrogen  Ki^ily-sbieldsd 

tbyretron 


Ike  upper  tnM?  are  grid  arerrfcst,  the  bo 5? ok  tr^ssa  grid  faiv^js,  »*4« 
aero  plat*  vo  It  as*  applied.  Hers  the  wovefewes  of  the  tube*  ere  Quit*  * lu- 
ll us  . whoa  %hr-  grid  ionises,  grid  currant  rl**«  sharply  esvS  grid  voltegs 
falls*  The  initial  «uU  jrnlM  of  grid  surreat  or  xhs  hydrogen  Ires©  is 
due  to  tb*  eherglsg  of  iho  grld-to-satboda  oapnelty.  Beeaaes  of  th*  vary 
snail  grld-to-s&ihodo  sapeeity  is  the  PD^lfi,  s similar  pula*  dose  sot  *P- 
psar  on  Dm  grid  eurreat  trees  of  the  narsury  tub*. 


to#  ask*  trass:  are  shoes  her*  with  TOO  volts  on  tfe*  plats  of  east  tab*. 
Tka  offset  of  plat*  voltage  on  tho  Kereury  tubo  is  ooly  to  shorten  tbs  do- 
lay  tie#  until  tbs  grid  Ionises  Indicating  that  tbs  ionisations  In  tbs  plots* 
grid  region  and  tbs  cathode-grid  region  oaear  ooueurroatly.  la  tbs  hydro- 
gen thyratroe  os  toe  plate-grid  region  ionises,  o positive  potential  spike 
and  a negative  ©arrest  spike  appear  on  tbs  grid  so  tbe  grid  triee  to  rise 
to  tbe  plots  potential.  This  grid  splka  eannot  be  sods  to  ooou?  ahead  of 
tbe  tins  «fbsa  tbs  eethode-grld  region  just  starts  to  ionise c and  tbs  grid 
delay  tins  is  sot  shortened.  Head#,  tbe  hi^ly  shielded  tube  gust  fire  la 
e tso  step  proses* t tbe  sathode-grld  region  ionises  first  and  tbs  plate- 
grid  region  as  send.  All  trsee  lengths  are  five  niovoB«ooads. 


Tbe  above  treeen  show  plate  voltage  to  tbe  sane  tine  seal*  as  tbe  grid 
current  and  grid  voltage  traeea.  The  repeated  pulses  are  negative  frog  the 
end  of  tbe  transai salon  lino  plate  load.  refits* Iona 
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the  plate-grid  region  it  due  to  tht  grid  voltage,  since  the  plate  voltage 
hat  to  little  effoct  in  the  cathode-grid  region. 

In  the  highly  shielded  tubes  positive  ions  must  neutralise  the 
space  chargee  in  the  e-itho  J«-~rid  region  also,  but  no  plate  current  flows 
until  the  cathode-grid  plasma  is  established.  Then  when  the  plate-grid  re- 
gion etarte  to  breakdown,  the  source  of  electrons  is  not  a thermionic 
cathode  with  a space  charge  to  neutralise  but  rather  a plasma  of  positive  lone 
and  eleotrone  near  ths  grid.  The  field  drawing  electrons  into  the  plate-grid 
region  la  the  high  anode  field  itself  rather  than  the  lower  cathode-grid  field* 
Consequently,  the  highly-ehl elded  type  of  construction  results  in  touch  shorter 
commutation  tines  thun  the  line-of-sight  type. 

The  thyratrons  of  the  highly-shielded  geometry  also  exhibit  differ- 
ent characteristics  with  regard  to  delay  tine  versus  grid-overvoltage.  If  the 
delay  time  of  both  the  highly  shielded  tubes  and  the  line-of-eigbt  tubes  is 
measured  as  the  time  to  ionize  the  gxid-cathode  region  with  zero  or  low  values 
of  plate  voltage,  then  the  delay  time  is  inversely  proportional  to  the  grid 
overvoltage  for  the  line-of -sight  tubes.  Both  Harrison^  and  Kullln**  verified 
this  relation  for  the  llne-of-eight  tubes.  However  for  the  highly  shielded 
hydrogen  tubes  this  function  of  grid  overvoltage  is  non-linear*  The  curves  on 
the  following  page  of  graph  1-  illustrate  tills  result.  Besides  the  plate  of 
the  hydrogen  tubes  being  highly  shielded,  the  cathode  is  shielded  by  baffles 
at  cathode  potential  to  prevent  positive  ion  bombardment  of  the  aside  coating* 
It  is  possible  that  this  non-linearity  is  caused  by  ths  extra  baffles  in  tbs 
highly  shielded  thyratron  which  the  line-of-sight  tubes  do  not  have. 
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EFfECTJ  OF  FiUliDURK 

3ince  the  gat  with  which  a thyratron  it  filled  permits  the  tube 
ts  carry  its  c he rsct eristic ally  high  currant*  compared  with  the  currents  in 
e high  vacuum  tube,  variation  of  the  gut  preasuro  would  be  expected  to  have 
considerable  effect  upon  the  tube  operation*  This  aection  describes  the 
effects  of  gas  pressure  upon  the  Ionisation  processes  of  the  thyratron. 

In  order  for  an  electron  to  ionise  a gas  molecule  by  collision  It 
must  have  sufficient  energy,  that  is,  it  must  fall  froely  through  & suffici- 
ently large  potential  difference*  With  a given  field  at  very  low  pressures 
the  electrons  may  fall  through  a potential  difference  large  enough  to  give  it 
the  energy  required  for  on  ionising  collision,  but  few  collisions  take  place 
due  to  the  low  gas  density  so  that  the  time  rate  of  ionisation  is  low.  In  this 
Instance  the  ionisation  rate  would  be  increased  by  increasing  the  gas  pressure* 
At  higher  pressures,  on  the  other  hand,  the  gas  density  nay  become  so  great 
that  moat  electrons  will  colid  e with  gas  molecules  before  they  fall  through  e 
sufficiently  large  potential  difference*  In  this  case,  increasing  the  gas 
pressure  further  reduces  the  free  paths  of  the  electrons,  reducing  their  ener- 
gies upon  collisions,  and  so  decreases  the  ionisation  rate*  These  two  effects 
work  against  each  other  so  that  the  maximum  ionisation  rats  should  be  obtained 
somewhere  between  these  low  and  high  pressure  extremes*  With  e few  simplify- 
ing assumptions  these  two  effects  can  be  illustrated  analytically* 

Assume  that  a uniform  fixed  field  exists  across  s one  centimeter  gap 
filled  with  hydrogen  at  a variable  pressure.  Assume  also  that-  one  electrode 
is  s thermionic  cathode  with  ample  electron  ■mission  and  that  the  initial 
velocities  of  the  electrons  are  sero*  Assume  that  on  the  average  the  net  for- 
ward velocity  of  all  electrons  after  collision  is  sero* 

Let  the  total  number  of  electrons  at  any  time  flowing  toward  the 
positive  electrode  bo  v>  = ) 
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t whoe b fry#  path  it  larger 
proportional  to  pressure  to  tht 

JL  was  determined, 
tht  gap  It  V,  and  tht  eltctrodt 

Tht  ionising  ability  of  electrons  is  a function  of  tht  tltotron 

energy. 

It  oi  it  defined  at  tht  iont  forced  per  electron  par  centimeter  of 
path  traveled  by  tht  electron,  then  to  a good  approximation  for  tltotron  an*' 
ergiso  of  ICO  volt a and  lest]10 

aL  ~ K f ^ 

there  X it  a constant  depending  upon  the  gat, 

X it  the  electric  field. 

X is  the  distance  traveled  by  the  electron. 

Y^is  the  ionising  potential  of  the  gas,  a constant 
P is  ths  gat  prtssurt.  c(  it  proportional  to  prstsurs 
bteaust  tht  number  of  collisions  par  csntlmebsr  for  a 
givan  tltotron  velocity  it  proportional  to  the  gat  density. 

Curves  of  o(  versus  tltotron  energy  art  show  in  von  Khgal  and 
Bteanbsck,11  for  aeveral  gasss. 

Tha  quantity  B is  defined  as 

(5= 

where  B = ions  for&cd  per  electro*  per  second 

and  v = average  velocity  of  colliding  electron#  in  c antimat era  per 


The  lumber  of  electrons  at  a time 

- * 

than  the  distance  x it^  v\  * ^ 

Tht  tan  free  path  JL  it  inversely 
pressure  dependence  tony  be  added. 

r\  t 

Hers  ^>a  it  toms  standard  pressure,  at  which 
Tht  field  it  £,  the  voltage  across 
separation  it  D)  ^ 

T 


F = 


second 
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In  a uniform  field  the  force  K on  an  electron  of  charge  o it 

F“  = E*  ~ VTm  o. 

so  that  the  ec—sleration  (a)  it  constant. 

Therefore  the  velocity  i*  a linear  function  of  tine  »nd  the  average 
velocity  of  the  electron  between  collisions  ie  half  its  final  velooity  be- 
cause it  was  assumed  that  the  initial  eloctron  velocities  are  s«ro. 


v.  — v 

O.VC. 


I VV1~1 


In  these  calculations,  the  nry  small  relativistic  effects  at  potentials  on 
the  order  of  100  electron  volts  find  1«33  are  negligible. 

The  final  velocity  is  determined  by  the  potential  difference  through 
which  the  electron  folic. 


kinetic  energy  * ;E  J ttb  K 
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v = 


Then 
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' ^ 1 ' ' o • electron  se 


2_  ry\  ' electron  second 


with  the  restriction  (Ex-V-)^o  or  (J  > c since  negative  ionisations 
have  no  aeaning. 

Then 

n (t)  * number  of  electrons  flowi.g  at  tine  (t) 
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of  electrons  flowing  at  + 


n (t4ai)-*(t)  s increase  in  the  number  of  electrons  in  seconds. 

Ths  quantity  B varies  for  slsetrons  of  different  energies,  that  is, 
for  slsetrons  of  different  frss  paths.  Cut  B ie  a function  of  X,  sol 
» (t)  t 


n (t)  € 


z number  of  electron#  whose  free  paths  are 
greater  than  X. 
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v*»(t) | fc  ( t — €.  ^*  ) 1 - nu-nber  of  electrons  whose  free  paths 

L ■*  are  between  X and  X & 1 

Iicya.nding  ( t — fe  ) in  a series, 
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neglecting  higher 
order  toms. 


Tba  increuse  in  electrons  (or  ions)  ia  the  number  of  eleotrone  with  auffi- 
ciaat  aaorgy  to  ionise  tlmoo  thair  ionising  affect  par  second  times  tha  nust- 
bar  of  eeecnds  they  act  At. 
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Tha  upper  limit  ia  x * D alnea  aleotrona  with  free  paths  greater 
than  D sill  strike  tha  second  electrode  end  hence  not  contribute  to  the  ioni- 
sat 1 cm.  Secondary  emission  is  not  considered. 
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The  expression  under  the  integral  si  gn  is  naw  lad  ep  and  ant  of  n end 
t,  but  is  a function  of  the  pressure  p and  of  the  applied  voltage  since  the 
voltage  determines  the  uniform  field  E. 
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And  C will  ba  known  as  th*  ionization  r»te« 

Th»  conditions  in  triggering  a 5C22  hydrogen  thyratron  will  now  be 
•lnuleted  with  regard  to  gas  pressure,  trigger  voltage  on  the  grid,  and  grid- 
cathode  separation  to  shown  the  correlation  botwsen  the  delay  tine  of  e hydro- 


gen  thyratron  end  pressure* 
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The  details  of  the  integration  of  the  ionization  rate  C are  carried 
out  in  the  appendix,  and  the  ionization  rate  is  plotted  us  a function  of 
pressure  for  two  different  values  of  trigger  voltage  on  the  5C2 2 grid*  Theee 
curves  are  compared  with  experimental  curves  of  grid  voltage  delay  times  versus 
pressure  on  graph  2. 

According  to  the  thoory  Juet  presented  the  Ionisation  rate  le  fixed 
at  constant  voltage  and  pressure.  It  slight  appear  therefor*  that  the  current 
buildup  in  the  grid  circuit  as  a function  of  tine  could  ba  found  by  integrating 
tha  differential  equation 

5*1  - Cn 

and  applying  Ohm’s  lav 

to  the  SKtsrnul  circuit.  llownvar  tJ.o  .volution  would  bo  quits  liraitod  for  no 
account  hue  been  rr.:-.do  of  ionization  by  secondary  saisaion,  no  conaideration  of 
any  loss  of  ions  by  diffusion  cud  other  aschani aas,  aud  the  field  is  not  linear 
as  assumed  but  varisa  in  time  us  the  current  builds  up* 

Nevertheless,  for  any  sizeable  current  increase  over  the  space  charge 
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limited  current  a plasma  n.uat,  to  fomed.  me  time  rate  of  formation  of  the 
pin  soft  Mill  depend  upen  the  rutt.  of  production  of  positive  ionj*  lionet  the 
grid  voltage  delay  tiu.e  of  a tljyrutron  should  deer  cast  au  the  rite  of  ioniza- 
tion increase*,  and  if  the  gov  .mm#  Meehan Isk  in  the  tube  la  ionization  by 
electron  collision,  the  dol«y  time  should  be  nearly  inveraoly  proportional  to 
the  calculated  Ionisation  rate. 

An  experimental  check  on  thia  theory  waa  tirade  uoing  a special  5C22 

h*  .'regia  thj'iatron  c.,uippud  with  a hydrogen  rt-orvoir  Lulat  by  Kuthe  Laboratory 

12 

lee.  The  lycrogca  rozervoir  u^iuo  or  ab--  roo  iiyorogcn  depending  upon  the 
temperature  of  an  enclosed  filoment.  diniLir  rtaax'volre  arc  added  to  the  larger 
hydrogen  thyratrena  to  compensate  for  gas  cleanup  by  the  metal  and  glass  sur- 
faces with  age.  In  this  p'Wtlculnr  special  5C22  the  tube  pressure  was  calibrated 
with  reservoir  filament  voltage  Apuinnt  a ycClood  gauge  before  the  tube  wna 
sealed.  Duo  to  rn 8 cleanup  with  f.pe  the  raMbivtlon  ’-d  1 1 rot  r***? in  fixed,  but 
the  relative  calibration  should  remain  the  rane,  and  nil  of  the  lento  recorded 
in  this  paper  were  done  before  the  tube  bad  100  hours  of  operation, 

Preasura  dependent  curves  comparing  the  analytical  ionization  rate 
end  the  experimentally  measured  grid  voltage  delay  time  «re  nhown  on  the  next 
pa^e.  The  important  point  of  these  curves  is  the  fact  that  they  possess  one 
maximum  in  operational  prsnaurn  range  of  the  hydrogen  thyratron.  The  absolute 
value  of  the  lonlzetlon  rate  in  ion  pairs  formed  per  second  is  not  Important 
since  the  ionisation  rate  is  not  used  to  derive  the  current  waveform  in  the 
grid  circuit  in  Mila  popur.  Consequently  the  ionisation  rate  is  plotted  in  ar- 
bitrary units,  t..e  so.de  being  a constant  times  the  true  ionisation  rate.  For 
ease  of  comparing  the  analytical  and  experimental  curves  the  reciprocal  of  de- 
lay tins  is  plotted  giving  two  curves  with  maxim urns.  The  maximum  ionisation 
rate  and  the  shortest  delay  occur  at  nearly  the  sumo  pressure.  Further,  for 


the  higher  grid  trigger  voltage,  the  maximum  ionisation  rate  nd  minimum  delay 


i 
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occur  at  a higher  pressure,  snd  the  ionisation  rate  is  larger  end  the  delay 
ehorter  for  ell  pressures.  This  result  is  to  be  expected  since  higher 
trigger  voltages  give  shorter  delays, at  is  shovn  by  the  curvet  on  graph  2 for 
several  different  kinds  of  thyratrone. 
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LL;1TaT1U^.j  OK  AN.U.X5I3 

Th©  maxima  of  the  analytical  and  experimental  curves  do  not  occur 

at  Just  the  same  pressure  for  a number  of  reasons*  First  of  all,  the  aeon 

free  path  ( J i ) of  an  electron  in  a pas  is  dependent  up or  the  temperature  of 
13 

the  gas  as  follows i 

X - 

P V 2.73  / 

Where  /,  is  the  mean  free  path  at  a pressure  p,  and  a tuaperature 
of  the  gaet  ^aof  273  degrees  Kelvin.  The  true  temperature  of  the  gas  in  the 

$C22  special  thyratron  is  unknown  and  must  be  approximated.  Secondly*  the 

13 

electron  free  path  is  a function  of  electron  velocity.  Hence  the  number  ef 
electrons  having  free  paths  greater  than  x is  something  different  than  the 

_ V 

assumed  number  n(t)  fc  1 . Finally,  the  net  forward  velocity  of  all  alee- 

vF©S5  after  collision  iajr<»hsbly  not  xsro  as  assumed  but  rather  some  small  ee»- 
panent  In  the  direction  of  the  field. 

aitfc  the  major  objective  to  learn  the  limitations  of  the  plate  volt- 
age pulse,  perhaps  the  more  Interesting  problem  would  be  to  apply  the  analysis 
for  ionisation  rate  to  the  plate  circuit  in  order  to  predict  the  pressure  of 
minimum  plate  ecnsiutation  time.  This  problm  is  mors  difficult  and  less 
accurate  than  the  grid  cathode  breakdown  because  of  the  higher  voltages  involved. 
The  aeetsnptlon  that  the  ions  formed  per  centimeter  path  per  electron,  °L  , ia 
proportional  to  the  potential  the  electron  has  upon  collision  lose  the  ionisa- 
tion potential  of  the  gas  (V  - ) i«  very  poor  for  electron  energies  ever 

100  volte.  The  curves  of  for  most  gasee  reach  a peak  near  100  to  150 
volte  and  fall  off  for  higher  electron  energies^.  Some  other  than  linear 
functional  approximation  or  a graphical  integration  would  be  required.  Further 
the  assumption  that  the  free  path  of  an  electron  in  the  gas  ia  not  a function 
of  electron  velocity  Is  less  valid  because  of  the  wider  range  of  electron  vein- 
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citioo,  And  luut  of  *11  tho  cauumpticn  that  tho  not  forvr  rd  velocity  of  all 
cl  octrees  after  colliuion  otjUuls  core  la  loss  valid  oiuce  the  mwy  liigh  oner gy 
ulec trees  loose  only  a a:v,’.ll  frnotlon  of  their  tothl  oncr;jy  upon  collision. 

To  bo  sure  other  approximations  than  those  could  be  »w4e#  but  at  tho  hi/jher 
voltages  Just  what  assumptions  to  racks  bocowes  noro  problematical. 


COMPUTATION  TINE  VEN3U3  PRESSURE 


*x. 


In  spite  of  the  liraitatioBS  of  the  finalytlo  work,  the  Ionisation 
r»io  theory  can  be  used  to  explain  qualitatively  the  changes  In  ccacmtatioB 
tine  with  pressure.  This  section  first  considers  ths  particular  p rabies  of 
obtaining  the  shortest  possible  eaaauiation  time  in  a tube  with  fixed  geometry, 
epereting  at  a fixed  anode  supply  voltage,  with  ths  gas  pressure  variable*  The 
manner  in  which  the  pressure  must  be  varied  to  obtain  the  shortest  oowraut&ticra 
time  as  the  voltage  ie  increased  is  then  Investigated. 

At  moderately  low  anode  voltages  (less  than  2000  volts  for  the  thyre- 
tron  used  is  this  investigation)  a clear  minimus  ecraautaticn  time  sea  be  ob- 
tained as  pressure  la  varied.  Graph  3 indicates  such  a minimum,  obtained  with 
the  variable  pressure  thyratreti  with  an  anode  supply  voliege  of  1?50  volte. 

This  miniature  occurs  when  the  ionisation  rate  has  a maximum  value.  The  ionisa- 
tion rat©  in  hydrogen  is  a maxisa®  when  most  of  ih®  “iect-rone  have  energise 

11 

between  50  and  200  electron  volts  upon  collision  with  gas  aoiecules.  Since 
the  electron  energies  upon  collision  must  be  maintained  in  this  range  for  maxi- 
mum ionisation  rate  for  condition  of  tube  operation,  then  changes  in  anode 
supply  voltage  mast  be  accompanied  by  proportional  changes  in  pressure.  ror 
example,  if  there  ie  an  increase  in  the  anode-grid  field,  the  free  paths  of 
the  electrons  must  be  reduced  proportionally  Is  order  that  the  electron  energy 
distribution  upon  collision  remains  at  ths  same  optimum  value.  The  anode-grid 
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for  maintaining  optimum  Ionisation  rate  can  be  urittsn  as 


m 


whoro  k^  is  an  mpirlcsl  constant.  this  follows  because  ths  free  paths  will 
be  Inversely  proportional  to  the  preesare- 

v / l . i 

insr.,  V ~ l^o 

This  indicates  that  to  obtain  a ninimun  eo&mutation  time,  the  pressure  *ast 

he  increased  proportionally  «•  the  voltage  is  increased.  By  keeping  pressure 

proportional  to  the  field,  tho  free  paths  will  be  inversely  proportional  to  the 

field,  the  free  paths  will  be  Inversely  proportional  to  the  field  and  the 

energy  distributions  of  the  electrons  will  bs  essentially  unchanged. 

H*nee  £T  = ^ 

d ' ' 

and  V = W0  r?d 

Toltage  and  pressure,  however,  cannot  be  increased  together  indefinitely* 
Eventually  the  forward  voltage  rating  is  exceeded  and  ths  tube  will  are  free 
plate  to  grid  without  trigger  applied.  The  tube  breakdown  voltage  Vk  ie  a 
function  f of  the  pressure  times  the  eleotrode  separation  (pd)  as  ahem  by 
the  graph  k»  ~ P(pd) 

Therefore,  the  conditions  for  the  ninlsua  commutation  time  of  a hydrogen 
thyratron  at  any  given  voltage  will  exist  when  V s Vj,  ■ t (pd).  Hanes,  for 
ths  norcwlly  high  rated  voltages  of  these  hydrogen  thrrairona.  the  oonmatation 
time  will  decrease  as  pressure  ir.orsasss  up  to  ths  oparational  Unite  of  the 

A * at*  * 

SMWfl 

This  relationship  for  the  lowest  coesmit^ti^si  ti**  i*  illufifetfd 
In  Craph  4.  In  ths  region  of  anode  voltugoe  below  about  2100  volte,  the 
optimum  operating  parameter  (pd)  lies  on  the  straight  line  eb  where  a burs 
Minimum  exists.  For  voltages  above  2100  volts,  use  of  this  optimum  eoaditloa 
would  result  in  breakdown  of  ths  gas  indspendent  of  grid  voltage,  so  that 
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the  shortest  commutation  time  is  achieved  by  operating  *e  near  to  the  treak- 
do%n  curve  ^ *®  ®afct y considerations  will  allow. 

These  results  hays  bsen  verified  experimentally.  Graph  3 show*  that 
a minimus  commutation  tims  for  the  5C22  exists  at  a pressure  of  7UO  mlarone  of 
mercury  with  an  anode  potential  of  1750  volts,  but  the  tube  will  not  support 
2500  volt v on  tho  anode  at  the  same  pressure.  bines  the  pressure  must  rise 
proportionally  with  the  field,  the  minimum  commutation  time  cannot  be  obtained 
at  the  higher  voltage. 

Similar  result  a snow  on  graph  5 give  the  commutation  time  versus 

pressure  for  a mercury  thyratron.  The  mercury  vapor  pressure  whs  determined 

from  measurements  of  tho  Houle  mercury  temperature  since  the  liquid  mercury 

and  the  mercury  vapor  are  in  equilibrium,  iiiis  pres sure -tuuperature  relation 
15 

is  well  known.  lvtn  «dth  a thcr.uocouplu  noluiu-cJ  to  the  shell  of  the  mer- 
cury il»yr*ir«n  nearest  the  liquid  uiurcury  pool  *is  determined  freu  on  x-ray 
photograph  of  the  tubs,  tuipurature  «nu  htuce  pres  euro  measurec-ents  are  in- 
accurate. nevertheless,  tho  curves  show  clearly  the  trend  of  decreasing  commu- 
tation time  with  increasing  pressure  and  a minimum  couusutatioa  time  at  a plate 
potential  of  500  \fults. 

This  development  shows  that  pressure  and  electrode  separation  sore 
not  independent-  variables,  but  that  cis*nges  in  gas  pressure  have  the  same  effects 
toward  minimising  the  cemtsutatioit  time  us  changes  in  electrode  separation  in 
the  hichiy-shisixied  hyurogsn  ihyrs irons  with  a given  ar.cds  rsitage  applisds 
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This  thesis  has  shown  the  advantage  of  using  a hifthly-ahieldod 
type  of  construction  to  keep  plate  current  from  flowing  until  a cathode- 
grid  plaums  h«H  bean  established  to  minimi:  • the  cou-uLation  time  of  ih/ratr-one* 
In  this  type  of  construction  the  com  ut&tlon  time  and  the  tube  breakdown 
voltage  are  both  functions  of  the  product  of  the  gno  proaaure  in  the  tube 
and  the  plate- grid  separation*  Effects  of  changes  in  ono  of  these  variables 
can  bs  predicted  by  the  known  affects  of  changing  the  other  one*  Increasing 
gas  pressure  increases  the  number  of  gas  moleouloc  to  be  Ionised*  but  de- 
creases the  energy  electrons  have  at  collisions  by  reducing  their  free 
paths*  These  opposing  effects  result  in  a maximum  ionisation  rats  between 
the  low  and  hirh  pressure  extremes*  This  maximum  ionisation  rsts  is  noted 
by  a minimum  delay  time  In  the  grid  circuit,  but  for  the  fields  normally 
encountered  in  the  plate-grid  region  of  thyratrona,  tho  forward  anode  voltage 
rating  is  exceeded  before  the  conditions  for  tho  maximum  ionisation  rate  eaa 
be  obtained*  Hence*  the  commutation  time  normally  decreases  with  increasing 


pressure* 


2a 


V.'UU.v  inliAlNlW*  TO  Hi.  DuKi. 

Evidence  that  cowrautation  times  of  hydrogen  ihyratrons  are 
shorter  than  those  of  argon  ihyratrons  which  in  turn  are  shorter  than 
those  of  mercury  thyrntrean  has  boon  noted  in  a varioty  of  tubas  with 
tfidely  differing  geometries*  Along  with  thin  experimental  evidence  is 
the  fact  that  with  a given  enerry  an  electron  has  a greater  ionising 
ability  in  argon  and  mercury  than  it  does  in  hydrogen  at  ths  eaae  pressure* 
It  is  reoasssndod  that  the  offsets  of  ionieation  rats  and  positive  ion 
mobility  upen  the  ionisation  processes  in  thyratrons  be  investigated  for 
several  different  gases*  It  would  be  desirable  to  eliminate  geometry  and 
pressure  effects  by  having  several  identical  tliyratrons  of  the  highly* 
shielded  type  filled  with  eavurnl  different  gases  at  the  same  pressure* 
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Tho  ionisation  rate  is  expressed  a* 
T> 


C = 6£  { i*-£)  *A«-  ^ 
ap.  ->*. 

' a = ^e^C^r')4 
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»•  <•  -«e  '*  * 

Tho  integral  can  bo  expressed  by  using  a sorts* 

expansion  for  e ^ and  integrated  torn  by  torn. 


Because  tho  scries  la  alternating,  the  error  is  loss  than  ths 


X 

Sample  onloulatlont 


p 8 100  microns  of  Hg« 

PQ  ■ 1000  microns  of  Hr,. 

X a .135  css. 

D*1  cm. 

ths  mean  free  path  of  elscirons  in  gases  can  be  uloulaUu 

approximately  by  tho  relation  L » * 

N tt  t*“ 


where  X * tho  number  of  gas  molecules  per  unit  voluno  which  is  6*02  x io2J 
molecules  por  22.4  liters  at  otondurd  temperature  (0°  C)  and  pressure 
(760  nra.  of  H;>). 


b **  the  diameter  of  tho  hydrogen  molecule  * 1*36  x 1016  cr.i*  At 


1 irjft  of  H>’«# 

{j  • koZ.  "*  I O J_Uhf  % ___  3 ( o yY»qn*«fej 

.23.4  l.’tuc  K l0*c~?  7C->o 

L:  — _ ’ _ . .J_w  — ’ , - ^ .04?  S'  «*"■•  cJ'O'd 

N nV*  3.S4*'o'“  Tr  (t.i(,%  io'*) 


Th®  moan  freo  path  of  cm  oloctron  In  a i:aa  vurios  with  th®  gas 
temperature  bo  assuming  a gas  temperature  of  530°  C. 

L efr  $oo°C  - L <xt  0°<l  * ( ZS^rK ) — 

t 3 73  * ' 

Tho  ncnn  froo  path  is  a function  of  electron  velocity*^  With 
103  volts  on  tho  grid  L * .l/i  or  ♦ as  shown,  but  with  53  volt*  on  th#  grid 
tho  E«an  froo  path  la  9orowhat  loaa,  &aauir.od  L s *0>.l  cli.  Thoro  was  no 
way  to  obtain  accurate  measurements  of  a are  quantities  such  as  hydrogen 
gas  towperatur®  which  ban  considerable  of  feet  on  tho  mean  free  path  L.  How* 
•ver,  th®  actual  value  of  the  r.can  free  path  Is  not  too  Important  sine®  th® 
qualitative  results  of  those  calculations  are  fully  illustrated  by  using  a 
vaiu®  in  tho  correct  order  of  err  rni  tu-ie. 


Q. 
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Tha  into^ral  <mn  also  be  expressed  in  terns  of  the  probability 
integral  and  ev.iluitod  direotljr*  However,  tho  values  of  aowo  of  tha  con- 
stants era  not  known  too  accurately.  Hcnoo,  precise  methods  of  evaluation 
are  unwarranted  when  an  ennior  approximation  method  can  ba  used,  Ihe  approxi- 
mation used  is  the  inrianoidal  fomula. 

\b  VM*  - ^r{S^) 

Sample  caleuL- tion  t 


~ , j ^ np  = \ <_*v» . yz  -r-  . 1 3 s'  ov* . 


C<^,clx 


4 '#> 


c{*  — 


\JfE)  + 


T> 


l' 


./  ,_i.ri4r 

'a  ^r: 


Wd‘  = '—i?/ jo  +•  4-  ( iilf  -,nty 

-*■  . «.>'(.•)  fc  "*  1 


ci*  — .\  g(c 


TP 


c 

A 


T ( £) (,  S"'d 


i3.3 
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Pressure 
in  dorona 
of  l?g. 

TA1IL-. 

{(.|C)C= 

* f(i. 

OK  CALC  Tluildt 

c*  -x)  /4- 

4 0)  f(l» 

2 

p 

j 

c/a 

0 

0 

0 

6 

d 

100 

.870 

.425 

.186 

13.3 

200 

.705 

.208 

.132 

37.« 

300 

.410 

.102 

.0738 

47.4 

400 

.257 

•0493 

.044 

50.5 

500 

.174 

.024 

.0285 

50.8 

600 

.113 

.012 

.010 

47.5 

TOO 

.0757 

.0058 

.0117 

41.0 

800 

.051 

.0020 

.00775 

35.5 

900 

.034 

.00135 

.0051 

29.5 

1000 

.0225 

.00067 

.00334 

24.0 

The  **cond  table  of  calculntions  is 

for  a trir.rer  voltage  of  50 

volts  instead  of  100  volts  on  the  frid.  Thu  constant*  changed  are* 

£ - ^ -a  2 = .27  cm. 

ET  — /2  » !00  s *To  v/c*n. 

X ~ • 0 ? cm- 

D 

Pressuri 

In  microns  4 f(r.  4 D)  f(n) 
of  H*.  2 


6 

d 

0 

0 

0 

100 

.563 

.219 

.0/28 

11.1 

200 

.254 

.0656 

.0390 

18.7 

300 

.131 

.0197 

.0105 

20.0 

4» 

.0546 

.0060 

.0074 

14.2 

500 

.0256 

,00185 

.00334 

10,0 

600 

.0140 

*00055 

.00162 

7.0 

TOO 

.0056 

.0017 

.00070 

4.1 

u>.0 

'V  v l/ia- 

a.  vn  0 

iwvw^a 

9 t. 

a. 

900 

.>012 

.00301 

.00015 

1.4 

The  curve*  showing  thee*  data  of  ionisation  rat*  v*r*u*  pressure 
for  two  different  tripper  voltage*  are  shown  on  rrapH  2. 
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